The most heat-sensitive functions of chloroplasts in Spinacia oleracea L. including the stromal carboxylation reaction, the light-induced electrical field gradient across the thylakoid membrane, as well as the overall photosynthetic CO2 fixation were less affected by heat if chloroplasts were heated in the light: 50%o inactivation occurred around 35°C in the dark and around 40°C in the light. Relative low light intensities were sufficient to obtain optimal protection against heat. In contrast, the light-induced ApH across the thylakoid membrane, the photophosphorylation, and the photochemical activity of photosystem II which were less sensitive to heat in the dark (50% inactivation above 40°C) were not protected by light. Photosystem II even was destabilized somewhat by light.
The sensitivity of chloroplast membranes to high temperatures is well known: the PSII-water-splitting complex and the photophosphorylation reactions are suggested to be the most heatsensitive systems of the membrane-bound photosynthetic apparatus (for a review, see Ref. 3) . Recently, it has been demonstrated with intact chloroplasts that the process of light activation of the stromal RuBP1-carboxylase is one of the most heat-sensitive reactions within the overall process of photosynthetic CO2 fixation (23, 24) . However, little is known about the interactive effects of extreme temperatures and other environmental factors such as light, which are often co-varying in nature. For example, until now in most investigations dealing with reversible or irreversible heat inactivation of photosynthetic activities, the heat treatments have been carried out in the dark, whereas in nature, peak leaf temperature usually will be reached under illumination. The few data available on the effect of light on intact leaf tissue and on isolated chloroplasts during exposure to high temperature stress are rather contradictory. There are some indications that in whole leaf tissue light increases the resistance of the photosynthetic apparatus against heat (12, 22) . On the other hand, it was reported that in isolated pea chloroplasts the photochemical reactions ' Abbreviations: RuBP, ribulose 1,5-bisphosphate; DCIP, 2,6-dichlorphenolindophenol; To.5, pretreatment temperature which induces 50%o inhibition; PGA, 3-phosphoglyceric acid.
seemed to be even more sensitive to heat if chloroplasts were heated in the light (e.g. Ref. 1) . In a previous paper (26) , it was shown that photosynthetic electron transport of isolated intact spinach chloroplasts was less sensitive to heat in the light, but this light-induced protection was completely abolished by an uncoupler.
In the present paper, the influence of light on the heat sensitivity ofphotosynthetic CO2 fixation, the electrochemical gradient across the thylakoid membrane, the water-splitting reaction, and the photochemical activity of PSII has been studied with isolated intact and broken spinach chloroplasts; the role of the lightinduced proton gradient across the thylakoid membrane in protection against heat stress will be discussed.
MATERIALS AND METHODS
Spinach (Spinacia oleracea L.) was grown in a growth chamber under the following conditions: 10-h photoperiod with 20°C day/ 15°C night, 70% RH, light intensity about 15,000 lux. Intact chloroplasts were isolated from spinach leaves as described in Ref. 9 . To prepare thylakoids, the intact chloroplasts were osmotically shocked in 5 mM MgCl2 (1 min), and the released membranes were washed and stored in a medium containing 330 mm sorbitol, 40 mm Hepes-NaOH (pH 7.0), 30 mm KC1, and 1 mM MgC12.
For heat treatment, intact chloroplasts were suspended in 330 mm sorbitol, 40 mm Hepes-NaOH (pH 7.5), 1 mm MnCl2, 1 mM MgCl2, and 2 mm EDTA. Thylakoids were suspended for heat treatment in a medium containing 330 mm sorbitol, 40 mm HepesNaOH (pH as indicated), 30 mm KC1, and 3 mM MgCl2. A suspension of 0.2 ml was placed in a glass cuvette provided with a fiber optic to allow illumination with red light (heat-absorbing filters and RG 630 cut-off filter; Schott and Gen., Mainz). The sample was preincubated in the illuminated or darkened cuvette for 3 min at 20°C; then the cuvette was transferred into a water bath having temperatures as indicated. Usually, the sample reached the treatment temperature within 10 to 30 s. After 6 min in the dark or in the light, the sample was diluted with 1 to 2 ml reaction medium and measured at 200C for photosynthetic activities.
The photosynthetic CO2 fixation of intact chloroplasts and the initial activity of the RuBP-carboxylase after osmotic rupture of pretreated chloroplasts were measured as in Ref. 24. Absorption changes at 518 nm were determined as followed: samples of intact chloroplasts were pretreated as outlined above and then divided into two parts: 100 pd was used to measure photosynthetic CO2 fixation; 100 ,ul was osmotically shocked in 0.7 ml distilled H20 to release thylakoid membranes. After 30 s, 0.6 ml of a medium containing 660 mm sorbitol, 80 mm HepesNaOH (pH 7.5), and 60 mm KCI was added; then, the sample (20-30 ,ug 9-Aminoacridine fluorescence has been measured as described earlier (23) . In order to avoid any interference with the ApH across the chloroplast envelope (8) , pretreated intact chloroplasts were transferred to a hypotonic reaction medium containing 15 mm N,N'-bis(2-hydroxyethyl)glycine-NaOH (pH 8.0), 15 mm KCI, and 5 yLM 9-aminoacridine. Phenazine methosulfate was present in the medium (7 
RESULTS
the light-induced protection shown in Figure 2 was related to the eating around 35°C which strongly inactivates the overall light-induced ApH. However, at higher light intensities, the prothetic CO2 fixation in intact chloroplasts does not affect tection became diminished.
)sphorylation and photosynthetic electron transport from In isolated chloroplasts, the RuBP-carboxylase was found to be IADP (23) . Evidence exists that this inhibition is due to in a relatively inactive state in the dark and in a more active state se in the stromal carboxylation reaction; it has been in the light (eg. 10). As reported earlier (24), the heat-induced that high temperatures interfere with the activation of inhibition of the overall photosynthetic CO2 fixation is closely '-carboxylase (23, 24) . This inhibition of CO2 fixation is related to an inhibition of this light-dependent enzyme activation, prevented if chloroplasts were heated in the light (Fig. suggesting that a slowdown in the stromal carboxylation reaction ination during the heat treatment (red light, 40 w/m) could be a primary cause for the inhibition of the overall CO2
To.i from 35°C to 40°C. Figure 2 , upper part, indicates fixation. In the experiment shown here (Fig. 3) , the RuBP-carboxal light intensity for the light-induced protection at about ylase activation was completely inhibited after a pretreatment at however, 10 to 30 w/m2 already were sufficient to obtain 40'C in the dark (a and b); this inhibition was partially prevented tial effect. Under similar experimental conditions, the if the chloroplasts were heated in the light (c).
thetic CO2 fixation reached its maximum at about 250 Furthermore, as already shown with intact leaves (23, 25) , the iereas the light-induced ApH across the thylakoid mem-heat-induced inhibition of photosynthetic CO2 fixation is accoms saturated at 20 to 30 w/m2 (not shown), suggesting that panied by a decrease in the light-dependent electrical field gra- electrochromic change after a light flash. Under nonphosphorylating conditions, the relaxation rate of the electrochromic absorpPretreatment temperature (C) tion change and of the electrical field gradient, respectively, mainly Photosynthetic CO2 fixation (0, 0) and PGA reduction (A, reflects the ionic conductivity of the thylakoid membrane (11) . nction of the temperature of a 6-min pretreatment in the dark The increase in the relaxation rate after a 380C treatment in the in the light (40 w/m2; 0, A). CO2 fixation was measured dark (curve 4) was completely prevented if the treatment occurred hically in a medium containing 2 mM NaHCO3; PGA reduction in the light (curve 5 Intact chloroplasts were preincubated in the dark at 20°C (curve 1) or at 35°C (curve 2); then, they were osmotically broken and measured at 20°C for lightinduced absorption changes. Downward arrow, light on; upward arrow, light off. b, Relaxation kinetics of the absorption change at 518 nm induced by a 1-ms light flash. The intact chloroplasts were pretreated at 20°C in the dark (curve 3), at 38°C in the dark (curve 4), and at 38°C in the light (curve 5); then they were osmotically broken and treated with five flashes before measuring at 20°C. Each curve represents four sets of measurements. Illumination during pretreatment at 20°C had no effect on the absorption change signal.
As compared with the electrical field gradient, the light-induced proton gradient across the thylakoid membrane measured with the 9-aminoacridine method (20) was less sensitive to heat (To.5 about 430C in the dark), and light had only little effect on To.5 (see Fig. 5 ).
The photosynthetic 02 evolving reaction is well known to be the most heat-sensitive step within the electron transport chain from H20 to NADP (e.g. 6, 18, 27) . Figure 6 demonstrates the inactivation of the photosynthetic reduction of DCIP depending on the pretreatment temperature, mainly reflecting the inactivation of the water-splitting reaction (e.g. 18). To.5 was 33°C at pH 8.0 and 41°C at pH 6.8 when the thylakoids were heated in the dark, as already shown in Ref. 26 . In the light, however, there was almost no pH dependence of To.5 in the pH region studied: at pH 8.0 as well as at 6.8, To.5 was about 38°C. This means that To.5 increased by light at pH 8.0 and even somewhat decreased at pH 6.8. Very low light intensities (10 w/m2) were sufficient to obtain maximal stabilization at pH 8.0 (Fig. 2, lower part) . In the presence of the uncoupler nigericin, the stabilizing effect of light was completely abolished, suggesting that the light-induced acidifica- Chl fluorescence has been proposed to be a useful intrinsic probe for testing the energy transfer within the PSII pigment apparatus and the photochemical activity of the PSII reaction centers (for a review, see Ref. 15) . Heat damage of the pigment apparatus is reflected by characteristic changes in light-induced fluorescence transients (4, 13, 17, 21) , and in fluorescence yield (4, 14, 22) . Two parameters have been obtained from induction curves shown in Figure 7 (upper part): fluorescence yield (Fo) and the slope of the variable fluorescence (Fv). The Fo level at the beginning of the illumination should represent mainly the weak fluorescence of light-harvesting and PSII-antennae pigments when all reaction centers are open. In terms of the quencher theory (7), the slow rise in FU is due to the accumulation of the reduced primary acceptor Q after the reduction of the plastoquinone pool. The inhibition of F, most likely represents the inhibition of the watersplitting reaction, as is demonstrated by the observation that Fu recovered up to 40°C if NH20H was present in the reaction medium. NH20H acts as an artificial electron donor, substituting for the water-splitting reaction (2) . Therefore, it is not surprising that the inactivation of FV (minus NH20H) after heating in the dark or in the light (Fig. 7, lower part) resembles the inactivation of the photosynthetic DCIP-reduction (see Fig. 6 ). In the presence reaction centers (21) . Illumination during heating in the absence or presence of uncouplers had no significant effect on the Fo -+ T curves (Fig. 8) . Only the amplitude of the heat-induced rise in Fo was somewhat lowered. Essentially the same results were obtained with intact chloroplasts (results not shown). (Figs. 1, 3, 4, and 5 ). In previous papers (23, 24) , it has been concluded that after mild heat treatment the H20 -PQ stromal environment is altered in such a way that the RuBP-
carboxylase is in a more inactive state, whereas the catalytic site of the enzyme protein itself remains intact. The primary effect of mild heat stress could be its action on the chloroplast membranes The light-induced proton gradient itself is much less sensitive to heat, and illumination has only little effect on its inactivation (Fig. 5) . The inactivation of photosynthetic PGA reduction most likely representing the inactivation of photophosphorylation (23) is less affected by light as well (Fig. 1) . Therefore, I concluded that illumination does not significantly interfere with the response of photosynthetic energy conservation to heat stress. As shown previously, the To.5 temperature of the water-splitting reaction increases with increasing concentration of metal cations / 0 / '' \and protons in the medium (13, 26) (Fig. 7, lower part) . This heat-induced rise in Fo (results not shown). This seems to contradict lecrease in Fv in the presence of NH20H most likely results from Schreiber and Berry (22) who reported that the decrease in the photochemical activity of PSII reaction transition temperature of the heat-induced rise in Chl fluorescence robably due to a damage of the PSII pigment system. A of leaves from Tidestromia and Atriplex increased with increasing ced rise in Fo yield (Fig. 8 ) occurred almost in parallel light intensity during heating. This disagreement might result from decrease in Fu (plus NH20H). Such a heat-induced rise differences in the experimental conditions; in the present experibeen discussed in terms of perturbation of the PSII ments, chloroplasts (or leaves, not shown) were heated in the dark oystem and related inhibition of energy transfer to the or in the light and then kept in the dark to allow reoxidation of Figure 2 which seems to indicate an optimum for protection at relatively low light intensity.
